Laser trapping is based on the radiation pressure on a small particle in the focal region of a high numerical-aperture objective. Currently, the focal spot of a trapping beam is elongated along the longitudinal direction and thus the axial size of the trapping volume is approximately three times larger than that in the transverse direction. We report on a laser trapping technique under focused evanescent wave illumination. Therefore laser trapping of micro/nano-objects can be achieved in the near-field region with an axial trapping size of approximately 60 nm, which is reduced by approximately one order of magnitude. Hence, this technique is of significant importance in nanometry including single molecule detection and manipulation.
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Optical trapping, or laser tweezers, is based on the use of radiation pressure and gradient force. 1 In the focal region of a high numerical-aperture ͑NA͒ objective, the localized light distribution leads to a possibility of three-dimensional trapping. As a result, one can confine and manipulate small particles such as micro-spheres, micro-beads, and biological cells or molecules to a small region. Optical manipulation of micro-sized particles has attracted substantial interest in past decades because of its potential in biological applications, particularly in the research of single molecule dynamics and DNA manipulation. [2] [3] [4] [5] [6] In the far-field case, the focal spot of a high NA objective is elongated along the longitudinal direction. As a result, the axial size of the trapping volume, to which a particle can be confined, is approximately three times larger than that in the transverse direction. Although the far-field laser trapping technique is remotely accessible and easy to control, the elongated trapping volume can lead to a significant background and makes it difficult to observe the dynamics of single molecules.
Recently an important development in optical trapping has been the introduction of near-field illumination or evanescent wave illumination. [7] [8] [9] [10] [11] The fact that the strength of an evanescent wave decays rapidly with the distance from the place where the evanescent field is generated may result in a significantly reduced trapping volume. So far three optical trapping methods based on the use of an evanescent wave have been proposed. In the first method, the radiation force is generated by an evanescent wave produced at the interface between two media under the total internal reflection condition. 7 However, because of the weak strength of an evanescent wave, it is impossible to achieve laser trapping and manipulation in this case. To overcome this drawback, a metallic tip has been proposed to enhance the evanescent field by the surface plasmon effect so that a particle of a few nanometers in size, suspended in water 8 or air, 9,10 can be trapped. Another proposed method involves the use of the evanescent field near a nanoaperture. 11 Although these theoretical proposals [8] [9] [10] [11] are exciting and important in single molecule manipulation and detection, it is difficult to implement them in practice. First, it is difficult to control the distance between the probe and samples, which is in the range of tens of nanometers due to the evanescent nature of illumination. Thus, the use of a sharp tip or a nanoaperture hampers the nano-manipulation operation such as rotation. Second, the heating effect caused by surface plasmons associated with a metallic tip significantly reduces the stability of trapping.
In this letter, we propose and demonstrate a near-field trapping technique that is based on focused evanescent wave illumination. 12 The focused evanescent field is produced by the use of a ring beam produced by a high NA objective that is centrally obstructed, as shown in Fig. 1 . The opaque disk has such a size that the minimum angle of convergence of a ray is larger than the critical angle determined by the inference between two media. As a result, each incident ray results in total internal reflection and thus an evanescent wave on the interface. Because of the circular symmetric nature of illumination, the resulting evanescent wave constructively interferes at the center of the focus, enhancing the strength of the evanescent field and reducing the lateral trapping size. The transverse profile of the evanescent focal spot leads to a gradient force as shown in Fig. 1 , pushing a small particle toward the center of the focus. Because of the fast decaying nature of the evanescent field, 13 there exists a downward gradient force with a reduced trapping depth ͑Fig. 1͒. Therefore optical trapping of a micro-sphere can be achieved under evanescent wave illumination. In fact, the axial pulling force can prove advantageous for holding a particle in three dimensions if a trapping beam propagates downward. As an example calculated by the previous method, 12 associated with this method is that there is no heating problem and that the distance between the trapping site and the objective is sufficiently large for micro-manipulation. In Fig. 2 , the schematic diagram of the experimental setup for near-field laser trapping is illustrated. This is an inverted scanning total internal reflection microscope which was used for nonlinear near-field microscopy. 12 The illumination light beam from a continuous-wave laser of wavelength 532 nm or 1064 nm is filtered by a small pinhole and is expanded to a parallel beam by lens L 2 . The beam is then directed into a high NA objective lens ͑Olympus, NAϭ1.65͒ to focus light on to a sample cell containing polystyrene micro-spheres of diameter 2 or 1 m, suspended in water. A cover slip (nϭ1.78) used as a bottom wall of the cell has a refractive index of 1.78 that matches the refractive index of the immersion solution of the objective. The cell is sealed by a cover slide mounted on a PC-controlled scanning stage and the trapping process is monitored by a CCD camera. To achieve total internal reflection illumination, we coaxially insert a circular obstruction disk in the beam path and the size of the obstruction disk is carefully selected to block low angle rays that do not satisfy the total internal reflection condition ͑⑀ϭ0.8͒. In order to keep the consistency of the experimental results, the laser power after the objective lens is kept at 10 mW throughout the measurement.
To demonstrate near-field laser trapping under focused evanescent wave illumination, we measured the trapping efficiency along the transverse and axial directions, respectively. The trapping efficiency Q, a parameter independent of trapping power, for the evaluation of trapping force is defined as QϭFc/nP, where n is the refractive index relative to that of the surrounding medium, P is the laser power, and c is the speed of light in vacuum. The trapping force F is derived from the measured maximum translating velocity at which a trapping particle falls out of the trap and estimated by the Stokes law Fϭ6R. Here R is the radius of a trapped particle, is the maximum translation speed, and is the viscosity of the surrounding medium. 14, 15 It has been well known from the earlier research that axial laser trapping can be achieved in the focal region of a high NA objective under far-field illumination. 14, 15 In our experiment, the NA of the objective is larger than that corresponding to the critical angle. The electric field includes the propagating and evanescent components. The propagating component leads to attractive force in the focal region, 14, 15 while the evanescent field results in a downward force due to its fast decaying nature. The combined effect of the two forces is large enough to overcome the weight of a trapped micro-particle, so that a particle can be translated in the axial direction. This feature is confirmed in Fig. 3͑a͒ for ⑀ϭ0. When the obstruction size increases, the axial trapping efficiency Q a decreases, as shown in Fig. 3͑a͒ . This is because for a large obstruction disk, the weighting of the propagating electric field decreases, therefore resulting in a decrease in the axial trapping efficiency. It is noticed that axial translation cannot be achieved if the normalized size of the obstruction disk is larger than 0.6. Although this size is less than 0.8 that corresponds to the critical angle in the experiment, the corresponding propagating component of the trapping beam contributes less than 55% in the total electric field, and thus the resultant attractive axial force is inadequate to overcome the weight of the trapped particle. Beyond this point, the fast decaying nature of the evanescent field results in downward force only and hence it is impossible to translate a particle in the axial direction.
However, laser trapping is achieved for any size of the obstruction in the transverse direction. In Fig. 3͑b͒ , the transverse trapping efficiency as a function of normalized obstruction size is illustrated. Similar to the axial trapping efficiency, the transverse trapping efficiency Q t decreases with increasing size of the beam obstruction. There are two physical reasons for this feature. First, increasing the size of the FIG. 1. Concept of evanescent-field laser trapping under focused evanescent wave illumination. The strength of the evanescent wave decays rapidly with the distance. Calculated density plots ͑a͒ and ͑b͒ represent the modulus squared of the electric field at wavelength 532 nm in the focal region of an objective of numerical aperture 1.65 at the interface between the cover slip (nϭ1.78) and water (nϭ1.33). ͑a͒ Result given by propagating components ͑⑀ϭ0, ⑀ is defined as the obstruction radius normalized by the radius of the back aperture of the trapping objective͒; ͑b͒ result with an obstruction whose size satisfies the total internal reflection condition ͑⑀ϭ0.8͒. The evanescent focal spot exhibits two peaks ͑Ref. 12͒ that eventually reduce the axial size of the trapping volume significantly.
FIG. 2.
A schematic diagram of an evanescent-field trapping system using a scanning total internal reflection microscope.
obstruction reduces the contribution of the propagating component to the transverse force. Second, as demonstrated in the earlier research, the higher angle rays of convergence of a trapping objective are less efficient in transverse trapping of a dielectric particle. 16 However, it is noticed that transverse trapping is successfully achieved at an obstruction size larger than 0.8, in which case all rays satisfy the total internal reflection condition and there exists no propagating component. Under such a circumstance, the transverse trapping efficiency is reduced by two orders of magnitude due to the increased friction force between the particle and the interface caused by the downward gradient force, compared with that for no obstruction. However, transverse evanescent-field trapping can be achieved when the polarization direction of the trapping beam is parallel with or perpendicular to the translation direction of the trapping beam. As may be expected from the far-field laser trapping performance, the trapping efficiency in the latter case is slightly less than that in the former ͓Fig. 3͑b͔͒. Figure 4 shows a trapped particle under focused evanescent wave illumination while the sample cell is translated. As shown in Fig. 3͑b͒ , the phenomenon described in Figs. 3 and 4 can be also achieved for a smaller particle or using a near-infrared trapping beam although the trapping efficiency is reduced.
In conclusion, the focused evanescent field produced by a high NA objective obstructed by a circular disk has been employed in laser trapping. This laser trapping technique provides a significantly reduced trapping volume compared with the conventional far-field trapping method, due to the fast decaying nature of the evanescent field. The strength of the evanescent field under the total internal condition can be easily enhanced. For example, the use of a dielectric doublelayer structure coated on the cover slip can result in the enhancement of the evanescent field by approximately three orders of magnitude. 17 This evanescent-wave trapping method does not have the heating effect associated with the evanescent-wave trapping techniques involving a metallic tip [8] [9] [10] and gives an easy access to a trapping sample because of the large distance between the trapping objective and the sample. It can be achieved in the visible and near-infrared wavelength regions. 
